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DGYDQWDJH HVSHFLDOO\ LQ HQHUJ\ LQWHQVLYH PDQXIDFWXULQJ HQYLURQPHQWV /HDUQLQJ HQYLURQPHQWV WKDW EXLOG XSRQ DFWLRQ EDVHG
OHDUQLQJKDYHSURYHQ WREHDQHIIHFWLYH LQVWUXPHQW IRUGHYHORSLQJFRPSHWHQFH LQPDQXIDFWXULQJ(YROYLQJIURPHQYLURQPHQWV
WKDW IRFXV RQ WUDGLWLRQDO FRPPDQG YDULDEOHV UHODWHG WR FRVW TXDOLW\ DQG WLPH OHDUQLQJ HQYLURQPHQWV HVSHFLDOO\ GHVLJQHG IRU
HQHUJ\HIILFLHQF\DUHWKHVXEVHTXHQWVWHS
7R HQDEOH WKH FRPSHWHQFH GHYHORSPHQW RQ HQHUJ\ HIILFLHQF\ LQ DFDGHPLF DQG RFFXSDWLRQDO HGXFDWLRQ D GHVLJQ DSSURDFK IRU
OHDUQLQJ HQYLURQPHQWV LV SUHVHQWHG 7KH LQLWLDO IRFXV LV VHW RQ WKH PDFKLQH OHYHO 7KH PRGHO VFDOH LV FKRVHQ GXH WR JRRG
DFFHVVLELOLW\OHVVVSDFHDQGLQYHVWPHQWUHTXLUHPHQWVFRPSDUHGWRLQGXVWULDOVFDOHOHDUQLQJHQYLURQPHQWV$PDLQFRQVLGHUDWLRQ
IRU WKH GHVLJQ LV WKH UHSURGXFWLRQ RI WKH VXUURXQGLQJPDFKLQH SHULSKHU\ HQWDLOLQJ D VLJQLILFDQW HQHUJ\ GHPDQG$GGLWLRQDOO\







,QVWUXPHQWV IRU DFWLRQ EDVHG OHDUQLQJ KDYH EHFRPH
HVWDEOLVKHG ERWK LQ RFFXSDWLRQDO TXDOLILFDWLRQ DQG DFDGHPLF
HGXFDWLRQ >@>@>@ /HDUQHUV DUH HQDEOHG WR LQWHUQDOL]H
NQRZOHGJH DQG SUDFWLFDO VNLOOV WKURXJK VHOIGHWHUPLQHG
DFWLRQV ,Q PDQXIDFWXULQJ HGXFDWLRQ OHDUQLQJ HQYLURQPHQWV
DUH W\SLFDOO\ GHVLJQHG DV OHDUQLQJ IDFWRULHV 7KHVH
HQYLURQPHQWV DUH VSHFLILFDOO\ GHVLJQHG WR DOORZ WKH
XQGHUVWDQGLQJRISKHQRPHQDIURPLQGXVWULDODSSOLFDWLRQVDQG
IRVWHUWKHOHDUQLQJRIDGHTXDWHDFWLRQVWUDWHJLHVWRZDUGVWKHVH
SKHQRPHQD >@>@ &XUUHQW OHDUQLQJ HQYLURQPHQWV RIIHU D
EURDG UDQJH IURP LQGXVWU\ WR PRGHO VFDOH DSSURDFKHV ZLWK
UHVSHFWLYHDGYDQWDJHVDQGFKDOOHQJHV
(QHUJ\ DQG UHVRXUFH HIILFLHQF\ KDV EHFRPH D WRSLF RI
LQWHUHVWLQYDULRXVPDQXIDFWXULQJLQGXVWULHV,QWKHODVW\HDUVD
EURDG UDQJH RI PHWKRGV DQG WRROV WRZDUGV HQHUJ\ DQG




WKH FRPSHWHQFH GHYHORSPHQW RQ HQHUJ\ HIILFLHQF\ LQ
PDQXIDFWXULQJDQDSSURDFKIRUDPRGHOVFDOHOHDUQLQJV\VWHP
LVSUHVHQWHG
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2. State of the art 
$NH\UHVXOW IURPH[DPLQLQJPDQXIDFWXULQJHQYLURQPHQWV
IURPDQHQHUJ\SHUVSHFWLYHLVWKHG\QDPLFFKDUDFWHURIHQHUJ\
GHPDQG2Q WKHPDFKLQH OHYHO WKLV EHKDYLRU GHSHQGV RQ WKH
VSHFLILF DFWXDO VWDWH RI WKH PDFKLQH >@>@>@ 7KH PDFKLQH
VWDWH LV GHWHUPLQHG E\ GLIIHUHQW VKDUHV RI HQHUJ\ EHLQJ
W\SLFDOO\GLVWLQJXLVKHGEHWZHHQEDVHORDGDQGVSHFLILFSURFHVV
ORDG 7KH EDVH ORDG FRYHUV WKH HQHUJ\ GHPDQG WR HQVXUH D
IXQFWLRQDOPRGHRIRSHUDWLRQZKHUHDVWKHSURFHVVORDGFRYHUV
WKH SURGXFWLYH PDFKLQH RSHUDWLRQ >@>@ :KLOH LQ
PDQXIDFWXULQJSURFHVVHV WKHSURFHVV ORDG LVRIWHQGRPLQDWHG
E\RQHPDLQIXQFWLRQDOPRGXOHHJWKHWRROVSLQGOHWKHEDVH
ORDG HQFRPSDVVHV WKH PDFKLQH FRQWURO DV ZHOO DV PDFKLQH
SHULSKHU\ HJ FRROLQJ RU H[KDXVW V\VWHPV >@ (QHUJ\ ORDG
SURILOHV DUH GHULYHG IURP DSSURSULDWH PHDVXUHPHQWV WR
DQDO\]H WKH HQHUJ\ GHPDQG IRU GLIIHUHQW OHYHOV RI
PDQXIDFWXULQJ V\VWHPV >@2Q WKHPDFKLQH OHYHO WKH HQHUJ\
GHPDQG LV PHWHUHG GXULQJ PDFKLQH VHWXS DQG UHOHYDQW
RSHUDWLRQPRGHVWRLGHQWLI\WKHVKDUHRIVLQJOHRUDOOPDFKLQH
HOHPHQWV >@ :LWK WKLV LQIRUPDWLRQ LW EHFRPHV SRVVLEOH WR
GLVWLQJXLVK EHWZHHQ QRQSURGXFWLYH DQG SURGXFWLYH HQHUJ\
GHPDQGV >@ (QHUJ\ HIILFLHQF\ LQ PDQXIDFWXULQJ UHIHUV WR
WKHDPRXQWRI UHVRXUFHVUHTXLUHG WRSURGXFHDJLYHQ OHYHORI
RXWSXWZLWKWKHVXSHURUGLQDWHJRDOWRPLQLPL]HWKHDPRXQWRI
UHVRXUFHVWRDFKLHYHDJLYHQRXWSXWOHYHO>@7RDGGUHVVWKH
WRSLF RI HQHUJ\ HIILFLHQF\ LQ PDQXIDFWXULQJ D YDULHW\ RI
RUJDQL]DWLRQDO DQG WHFKQLFDO PHDVXUHV KDYH EHHQ GHYHORSHG
DQG LPSOHPHQWHG LQ LQGXVWU\ >@%HVLGHV HOHFWULFDO HQHUJ\
PDQXIDFWXULQJ SURFHVVHV XVH IXUWKHU IRUPV RI HQHUJ\ HJ
FRPSUHVVHG DLU $OO HQHUJ\ IRUPV QHHG WR EH WDNHQ LQWR
DFFRXQWIRUDQLQWHJUDWHGYLHZWKDWDOORZVWKHLGHQWLILFDWLRQRI
PDLQGULYHUVIRUHFRORJLFDODQGHFRQRPLFLPSDFWV
&XUUHQW OHDUQLQJ HQYLURQPHQWV LQ PDQXIDFWXULQJ FDQ EH
FODVVLILHGDVLQGXVWULDODQGPRGHOVFDOHDSSURDFKHVVHH7DEOH
 ,QGXVWULDO VFDOH OHDUQLQJHQYLURQPHQWVDUHRIWHQVHWXSDV
VR FDOOHG OHDUQLQJ IDFWRULHV WKDW UHFUHDWH D UHDO IDFWRU\
HQYLURQPHQW HJ >@ 7KLV DSSURDFK W\SLFDOO\ DOORZV DQ
DFFXUDWH GHSLFWLRQ RI LQGXVWULDO SKHQRPHQD EXW UHTXLUHV
VXEVWDQWLDO HIIRUWV IRU VHWXS DQG RSHUDWLRQ HJ LQGXVWULDO
PDFKLQH WRROV RU RZQ EXLOGLQJV ,Q FRQWUDVW PRGHO VFDOH
HQYLURQPHQWV DUH RIWHQ OLPLWHG WR IHZ SKHQRPHQD RU

























7KH VXFFHVVRI OHDUQLQJHQYLURQPHQWV LQPDQXIDFWXULQJ LV
UHODWHG WR WKH FRQYH\HG FRPSHWHQFLHV >@>@ 7LVFK HW DO
LGHQWLILHG WKH DOLJQHG GHYHORSPHQW RI HGXFDWLRQDO FRQWHQWV
DQG WKH WHFKQRORJLFDO LQIUDVWUXFWXUH DV VXFFHVV IDFWRUV IRU
FRPSHWHQFH GHYHORSPHQW $ VWUXFWXUHG GHVLJQ DSSURDFK LV
VHHQDVFUXFLDO WRZDUGVHQDEOLQJ WKLV LQWHJUDWHGGHYHORSPHQW
SDUDGLJP>@
)RU PRGHO VFDOH HQYLURQPHQWV WKLV LPSOLHV D IXUWKHU
FKDOOHQJH 7KH WHFKQRORJLFDO LQIUDVWUXFWXUH QHHGV WR DOORZ
VXEVWDQWLDWHG FRPSHWHQF\ GHYHORSPHQW HVSHFLDOO\ WKURXJK
UHFRJQL]DEOH HIIHFWV $W WKH VDPH WLPH WKH OLPLWHG H[WHQW
UHTXLUHV IRFXVLQJ RQ IHZ IXQFWLRQDO FRPSRQHQWV &XUUHQW





SURGXFWLRQ V\VWHPV DLP DW GLIIHUHQW WRSLFV LQ HQJLQHHULQJ
HGXFDWLRQDQGRFFXSDWLRQDOTXDOLILFDWLRQHJPHFKDWURQLFVRU
SQHXPDWLFVKDQGOLQJ7KH)HVWR'LGDFWLF0RGXODU3URGXFWLRQ
6\VWHP 036 QDPHV D SURGXFW OLQH RI LQWHUFKDQJHDEOH
VWDWLRQV XVLQJ LQGXVWULDO FRQWURO V\VWHPV DQG DUH XVXDOO\
OLPLWHG WR D EDVH SODWH RI [PP &XUUHQWO\ DYDLODEOH
036VWDWLRQVKDYHEHHQPHWHUHG LQUHJDUGWRWKHLUVXLWDELOLW\
IRU WKH SURSRVHG OHDUQLQJ HQYLURQPHQW 7ZR PDLQ HIIHFWV
FRXOGEHVKRZQVHH)LJXUH
x 7KHHQHUJ\GHPDQGRIWKHFRQWUROV\VWHPVH[FHHGVWKH
SURFHVV ORDGV IRU DOO RI WKH WHVWHG VWDWLRQV VKDUH RI
FRQWURO V\VWHPV XS WR  DV QR WUXH SURFHVVLQJ LV
H[HFXWHG HJ WKURXJK VSLQGOHV WKDW DUH OLPLWHG WR DLU
FXWV
x 'HPDQGV IURP PDFKLQH SHULSKHU\ FDQQRW EH
UHSUHVHQWHG DGHTXDWHO\7KH FXUUHQW GHVLJQV IRFXV RQ
WKH UHVSHFWLYH PDQXIDFWXULQJ SURFHVVHV 3HULSKHUDO
FRPSRQHQWV IURP WKH LQGXVWULDO VFDOH DUH QRW




VFDOH OHDUQLQJ HQYLURQPHQWV WR LPSDUW LQGXVWU\UHOHYDQW
FRPSHWHQFLHV RQ HQHUJ\ HIILFLHQF\ RQ WKH PDFKLQH DQG
SURFHVVFKDLQOHYHOVHH)LJXUH7KHJRDOLVWREHQHILWIURP
WKH PRGHO VFDOH WKURXJK D V\VWHP WKDW FDQ HDVLO\ EH
LPSOHPHQWHGLQWRGLIIHUHQWHGXFDWLRQIDFLOLWLHVEXWDWWKHVDPH









,W LV LQWHQGHG WR UHSURGXFH UHOHYDQW HIIHFWV UHJDUGLQJ
HQHUJ\ HIILFLHQF\ EHJLQQLQJ ZLWK WKH SURGXFWLRQ SURFHVVHV
LWVHOI EXW DV ZHOO LQFOXGLQJ UHOHYDQW PDFKLQH SHULSKHU\
)ROORZLQJ UHVHDUFK DFWLYLWLHV DUH SODQQHG WR EURDGHQ WKH
SHUVSHFWLYH E\ WDNLQJ D SURFHVV FKDLQ SHUVSHFWLYH DQG
DGGUHVVLQJ WKH ILHOG RI UHVRXUFH HIILFLHQF\ $ VWUXFWXUHG
GHVLJQSURFHVVLVLQWURGXFHGWRDGGUHVVWKHFKDOOHQJHVUHODWHG
WRWKHVFDOLQJRIHIIHFWVDQGPHDVXUHV
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7KHOHDUQLQJLQIUDVWUXFWXUHLVVHWXSZLWKLQWKH036VHULHV
RI )HVWR 'LGDFWLF DLPLQJ WR EH IXOO\ FRPSDWLEOH ZLWK WKH
FXUUHQWO\ H[LVWLQJ VWDWLRQV WKDW DLP DW RWKHU HGXFDWLRQDO
REMHFWLYHV
 &RQWLQXRXVLPSURYHPHQWSURFHVVPHWKRGVDQGWRROV
7KH OHDUQLQJ HQYLURQPHQW IROORZV DQ HVWDEOLVKHG
FRQWLQXRXV LPSURYHPHQW DSSURDFK LQ LQGXVWULDO DSSOLFDWLRQV
>@/HDUQHUVLQRFFXSDWLRQDODQGDFDGHPLFFRQWH[WVQHHGWR
LQWHUQDOL]H D VXSHURUGLQDWH PHWKRGRORJ\ EHLQJ YDOLG IRU
GLIIHUHQWFRQWH[WVRIHQHUJ\HIILFLHQF\8VLQJDVWDWHRIWKHDUW
IUDPHZRUN DV IRXQGDWLRQ IRU ERWK HGXFDWLRQDO FRQWHQWV DQG





7R UHDOL]H WKH LQWHQGHG FRQWLQXRXV LPSURYHPHQW SURFHVV
WKH OHDUQLQJ HQYLURQPHQW QHHGV WR EH GHVLJQHG DFFRUGLQJO\
























(OHFWULFDO DQG SQHXPDWLF ORDG SURILOHV EXLOG WKH EDVLV IRU
GHVLJQLQJ WKHPRGHO VFDOH SURFHVVHV DQGSURFHVV FKDLQV VHH
)LJXUH7KHLQWHQGHGFRPSHWHQFHGHYHORSPHQWUHTXLUHVDQ
DFFRUGLQJ WHFKQRORJLFDO LPSOHPHQWDWLRQ:LWKLQ WKHSK\VLFDO
LQIUDVWUXFWXUH WKH EHKDYLRU RI LQGXVWULDO SURFHVVHV LQFOXGLQJ
SHULSKHUDOFRPSRQHQWVQHHGV WREHUHFUHDWHG7RLQFUHDVHWKH
DSSURDFKDELOLW\IRUOHDUQHUVWKHPRGHOV\VWHPVKRXOGVKRZD
UHGXFHG IXQFWLRQDO FRPSOH[LW\ LQ FRPSDULVRQ WR LWV UHDO
FRXQWHUSDUW )RU WKLV SXUSRVH SHULSKHUDO XQLWV ZKLFK ZRXOG
FUHDWH UHGXQGDQWHGXFDWLRQDOFRQWHQWZLOOQRWEHUHJDUGHG,Q
WKH GHVLJQ SURFHVV FKDOOHQJHV WKDW FDQ DULVH LQ WKH
GRZQVFDOLQJ RI LQGXVWULDO FRPSRQHQWV DUH DGGUHVVHG 7KH
FRUUHVSRQGHQFH RI ERWK WKH PRGHO VFDOH DQG LQGXVWULDO
VWDQGDUGVLQUHVSHFWWRUHODWLYHWLPLQJDQGUHODWLYHORDGVHUYHV
DVHYDOXDWLRQFULWHULRQIRUWKHH[HFXWHGGHVLJQ
7KH GDWD FROOHFWLRQ IRU HQHUJ\ GHPDQGV LV H[HFXWHG
WKURXJKPHWHULQJ ,QDGGLWLRQ WR WKHFUHDWLRQRI ORDGSURILOHV
PHWHUHG GDWD EXLOGV WKH EDVLV IRU IXUWKHU YLVXDOL]DWLRQ WRROV
7KHVH DUH UHTXLUHG IRU DQ H[WHQVLYH DQDO\VLV RI WKH UHJDUGHG
SURFHVVHV0HWHULQJVWUDWHJLHVDUHUHTXLUHGWROLPLWWKHHIIRUWV
IRUWKHFROOHFWLRQRIGDWD$QLQGXVWULDOVWDQGDUGIRUJDLQLQJD
VXIILFLHQW GDWD TXDOLW\ RQ DGHTXDWH HIIRUWV LV WKHPHWHULQJ RI
WKHHOHFWULFDODQG  LI DSSOLFDEOH SQHXPDWLF HQHUJ\GHPDQG
RI D PDFKLQH WRRO LQ GLIIHUHQW VWDWHV 7\SLFDO VWDWHV WR EH
FRQVLGHUHG DUH WKH VWDUWXS URXWLQH DV ZHOO DV WKH DFWXDO
SURFHVVLQJ >@ 7KLV GDWD DOORZV WKH DOORFDWLRQ RI HQHUJ\
GHPDQGV DQG RSHUDWLQJ VWDWHV WR HYHQWV LQ WKH ORDG SURILOH
:LWK WKH FKRVHQ PHWHULQJ DSSURDFK WKH SHULSKHUDOV RI D
PDFKLQHWRROFDQJHQHUDOO\EHLQYHVWLJDWHGZLWKRXWWKHHIIRUW













ZLWK QR LPSURYHPHQW SRWHQWLDO IRU WKH UHVSHFWLYH HQHUJ\
GHPDQG DUH HOLPLQDWHG IRU WUDQVLWLRQ LQWR WKH PRGHO VFDOH
$OVR HQHUJ\ GHPDQGLQJ FRPSRQHQWV WKDW VKRZ D VLPLODU
EHKDYLRXU WR RWKHU FRPSRQHQWV DUH QHJOHFWHG &RPSRQHQWV
DQGV\VWHPVZKLFKDUHWRRFRPSOH[WRWUDQVIRUPWRWKHPRGHO
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VFDOH RU ZKLFK ZLOO ORVH WKHLU FKDUDFWHULVWLF EHKDYLRXU LQ
WUDQVLWLRQDUHLQWHQGHGWREHVXEVWLWXWHGE\RWKHUV\VWHPV
,Q WKHQH[WVWHSHQHUJ\HIILFLHQF\PHDVXUHV IRU WKHPRGHO
VFDOH SURFHVV DUH LGHQWLILHG 7KLV FDQ EH DFKLHYHG E\
HYDOXDWLQJ WKH SUHYLRXVO\ VHOHFWHG VLQJOH HQHUJ\ GHPDQGLQJ
FRPSRQHQWV IRU VHQVLEOH HIILFLHQF\ PHDVXUHV &RPPRQ
HIILFLHQF\PHDVXUHVRQ WKH LQGXVWULDO VFDOHFDQEH WDNHQ LQWR
DFFRXQWDWWKLVSRLQW,IFHUWDLQHIILFLHQF\PHDVXUHVFDQQRWEH
GLVSOD\HG E\ WKH FKRVHQ FRPSRQHQWV IRU WKH PRGHO VFDOH D
ORRSEDFNWRWKHSUHYLRXVVWHSLVXQGHUWDNHQWRUHVWDWHRQHRU
PRUHRI WKHHOLPLQDWHGFRPSRQHQWV ,WPLJKWEHQHFHVVDU\DW
WKLV SRLQW WR VLPXODWH FHUWDLQ HIIHFWV WKDW YDQLVK GXH WR WKH
WUDQVLWLRQ LQWR D PRGHO VFDOH ZLWK VXLWDEOH FRPSRQHQWV
$GGLWLRQDO HIILFLHQF\ PHDVXUHV PD\ HPHUJH IRU D SURFHVV
FKDLQ VHWXS 7KH LQWHUDFWLRQ RI WKH FKRVHQ SHULSKHUDO
FRPSRQHQWV DQG WKH DFWXDO PDFKLQLQJ FRPSRQHQW DQG WKH





GHVLJQ WR HQVXUH WKH DOLJQPHQWRI VL]HV DQG HQHUJ\GHPDQGV




3UDFWLFDO LQWHUDFWLRQV IRU LPSOHPHQWLQJ HIILFLHQF\
PHDVXUHV RQ WKH PRGHO VFDOH VKRXOG EH EDVHG RQ WKH VDPH
DSSURDFKHVDVRQLQGXVWULDOVFDOHWRSURYLGHGLUHFWUHFRJQLWLRQ
DQG WUDQVIHUDELOLW\ $ VKRUW RYHUYLHZ RI RUJDQL]DWLRQDO DQG
WHFKQLFDOLQWHUDFWLRQVUHJDUGLQJHQHUJ\HIILFLHQF\RQPDFKLQH
OHYHO LV VKRZQ LQ 7DEOH  $V LQGLFDWHG QRW DOO LQWHUDFWLRQV
DQG UHVXOWLQJ HIILFLHQF\ PHDVXUHV FDQ EH WUDQVIHUUHG




UHODWHG WR WKH FRPSRQHQWV EHWZHHQ WKH LQGXVWULDO DQG WKH
PRGHO VFDOH SURFHVV LQWHUDFWLRQV DSSOLHG RQ WKH PRGHO VFDOH
SURFHVVPXVWKDYHDVLJQLILFDQWLPSDFWLQGLVSODFHPHQWRIWKH
ORDG SURILOH $Q\ SURSRVHG PRGLILFDWLRQ WR WKH PRGHO VFDOH
SURFHVV ZLWKLQ WKH OHDUQLQJ HQYLURQPHQW VKRXOG EH DSSOLHG
GLUHFWO\ 7KH UHVXOW LQ FKDQJH RI HQHUJ\ GHPDQG DQG
HIILFLHQF\ VKRXOG RFFXU LQVWDQWDQHRXVO\ VR WKDW WKH DSSOLHG
DFWLRQ DQG WKH UHDFWLRQ DUH FOHDUO\ OLQNHG IRU WKH OHDUQHU
,QWHUDFWLRQVVKRXOGEHHDV\DQGTXLFNWRLPSOHPHQW

























HQHUJ\ GHPDQG DQG RI VSHFLILF SURGXFWLYLW\ YDOXHV HJ D
GLVWLQFWLRQ EHWZHHQ YDOXHDGGLQJ DQG QRQYDOXHDGGLQJ
HQHUJ\SURSRUWLRQV9LVXDOL]DWLRQDQGNH\ILJXUHVZLOOKHOSWR
DFKLHYH FRPSHWHQFH WKURXJK GHSLFWLQJ HQHUJ\ HIILFLHQF\
SRWHQWLDOVHYHQWKRXJKVRPHDUHQRWHDV\WRSHUFHLYH
4. Case: CNC milling center 
%DVHGRQWKHRXWOLQHGDSSURDFKDIXOO\IXQFWLRQDOPRGHOVFDOH
&1&PLOOLQJ PDFKLQH ZDV EXLOW XS ZLWK IRFXV RQ HOHFWULFDO
HQHUJ\HIILFLHQF\
 'HVLJQ3URFHVV
7R JHQHUDWH WKH IRXQGDWLRQ IRU WKH PDFKLQH GHVLJQ
IROORZLQJ WKH SURSRVHG DSSURDFK WKH VWDUWXS EHKDYLRU RI DQ
LQGXVWULDO PDFKLQLQJ SURFHVV KDV EHHQ PHWHUHG :LWK WKH
REWDLQHG ORDG SURILOH GLIIHUHQW FRPSRQHQWV ZHUH LGHQWLILHG
FODVVLILHGDQGHYDOXDWHGUHJDUGLQJWKHLUHQHUJ\GHPDQGV7KH





Industrial scale component 
UHODWLYHORDG
Relevance Measures Redundancy Scalability Result
&RQWUROVa 2QO\DSSOLFDEOHIRUSHULSKHUDOFRPSRQHQWV Transformation WRPRGHOVFDOH
3HULSKHUDOa <HV <HV  1R Substitution ZLWKVFDODEOHKDQGOLQJV\VWHPZKLFKKDVFRPSDUDEOHLPSDFW
3HULSKHUDOa <HV <HV 3HULSKHUDO 1R Elimination GXHWRUHGXQGDQF\ZLWK3HULSKHUDO
3HULSKHUDOa <HV <HV 3HULSKHUDO <HV Transformation WRPRGHOVFDOH
3HULSKHUDO 1R <HV  <HV Elimination GXHWRORZUHOHYDQFH
7RRO6SLQGOHa
LQFOPDFKLQLQJ 2QO\DSSOLFDEOHIRUSHULSKHUDOFRPSRQHQWV Transformation WRPRGHOVFDOH
45 Alexander Kaluza et al. /  Procedia CIRP  32 ( 2015 )  41 – 46 
7KHHYDOXDWLRQRIWKHLGHQWLILHGSHULSKHUDOFRPSRQHQWVOHG
WR IXUWKHU H[DPLQDWLRQV UHJDUGLQJ WKH FULWHULD RXWOLQHG LQ WKH
DSSURDFK VHH 7DEOH  3HULSKHUDO FRPSRQHQWV KDYH EHHQ
HOLPLQDWHG DQG VXEVWLWXWHG LQ WKLV VWHS DFFRUGLQJ WR WKH
LQWURGXFHG FULWHULD 6XEVHTXHQWO\ SRVVLEOH HIILFLHQF\
PHDVXUHV IRU WKH WUDQVIHU WRZDUGV WKH PRGHO VFDOH ZHUH
LGHQWLILHG IRU WKH IROORZLQJ V\VWHP FRPSRQHQWV FRQWUROV
H[KDXVWDLUV\VWHPKDQGOLQJV\VWHPDQGWRROVSLQGOH$PRQJ
RWKHUVSRWHQWLDOPHDVXUHVLQFOXGHWKHUHGXFWLRQRISURFHVVLQJ
WLPH HIILFLHQW FRQWURO RI SHULSKHUDO V\VWHPV DQG ILOWHU
HIILFLHQF\
7R EH FRPSDWLEOH ZLWK WKH036 VWDWLRQV DYDLODEOH WRGD\
WKH PRGHO VFDOH &1& PLOOLQJ PDFKLQH LV HTXLSSHG ZLWK DQ
DXWRPDWHGHOHFWULFDODQGSQHXPDWLFKDQGOLQJV\VWHP%HFDXVH
WKH PRGHO VFDOH PDFKLQH WRRO LV DEOH WR SHUIRUP D UHDO
PDFKLQLQJ SURFHVV D YHQWXUL QR]]OH IRU UHPRYLQJ FKLSV ZDV
DGGHG7KHEXLOGXSRIWKHPRGHOVFDOHSURFHVVLVGLVSOD\HGLQ
)LJXUH








PHWHULQJ RI WKH WRWDO HOHFWULFDO HQHUJ\ GHPDQG RI WKH ZKROH
SURFHVVDVZHOODVHYHU\VLQJOHHOHFWULFDOSRZHUHGFRPSRQHQW
7KH GHWDLOHG PHWHULQJ DOORZV D GLUHFW YLVXDOL]DWLRQ RI WKH
FRPSRQHQWV¶ HQHUJ\ GHPDQG LQ HYHU\ RSHUDWLQJ VWDWH DQG RI
WKH LPSDFW RQ HIILFLHQF\ PHDVXUHV 7KH SQHXPDWLF ORDG LV
PRQLWRUHG LQ WRWDO DV WKHUH DUH RQO\ WKUHH SQHXPDWLF
FRPSRQHQWVHDFKZLWKDGLVWLQFWORDGFKDUDFWHULVWLF
 (YDOXDWLRQ
7KH IXQFWLRQDO PRGHO VFDOH &1& PLOOLQJ PDFKLQH ZDV
ILWWHG LQWR DQ H[LVWLQJ SURFHVV FKDLQ RI )HVWR036 VWDWLRQV
7KLVVHWXSKDVEHHQXVHGWRHYDOXDWHWKHPHFKDQLFDOEHKDYLRU
RIWKHSURFHVVDQGWKHLPSOHPHQWDWLRQRIHIILFLHQF\PHDVXUHV
7KH PDFKLQLQJ SHUIRUPDQFH ZDV H[DPLQHG ZLWK WKUHH
GLIIHUHQWPDWHULDOV3/$DQG$%6SODVWLFVDQGDOXPLQXP7KH
PRGHO VFDOH WRRO LV DEOH WR PDFKLQH ZRUNSLHFHV RI DOO WKUHH
PDWHULDOV DW GLIIHUHQW VSHHGV 1DWXUDOO\ WKH SURFHVVLQJ WLPH
IRU WKH KDUGHU DOXPLQXP LV KLJKHU WKDQ IRU WKH SODVWLF
PDWHULDOV
7KHHYDOXDWLRQRI WKHHOHFWULFDO ORDGSURILOHRI WKHPLOOLQJ
SURFHVV VKRZV D JRRG FRUUHVSRQGHQFH WR WKH LQGXVWULDO VFDOH
SURILOHWKDWZDVVHWDVDEDVHIRUWKHGHVLJQRIWKHPRGHOVFDOH





WKH VLQJOH FRPSRQHQWV RQ PRGHO VFDOH VKRZ D VLJQLILFDQW
LPSURYHG FRPSDUDELOLW\ WR LQGXVWULDO VFDOH SURFHVVHV 7KH
PHWHUHG HQHUJ\ GHPDQGV RI WKH FRPSRQHQWV ILW ZHOO ZLWK
WKRVHRIWKHLQGXVWULDOVFDOHUHDOPDFKLQHWRRO7KXVWKHPDLQ












7DEOH  DQG WKH UHVXOWLQJ FKDQJHV LQ HQHUJ\ GHPDQG
GLIIHUHQW PHDVXUHV FRXOG EH DGDSWHG WR WKH PRGHO &1&

















7KH IORZ UHVLVWDQFH RI WKH H[KDXVW DLU V\VWHP FDQ EH
PDQXDOO\PRGLILHGE\DEXWWHUIO\YDOYHLQVLGHWKHVXFWLRQGXFW
DQGWKHPDQXDOFKDQJHRILQVHUWHGILOWHUPDWHULDO7KHFKDQJH
RI UHVLVWDQFH LVPHDVXUHGE\ WZRSUHVVXUH VHQVRUVDERYHDQG
EHORZ WKH ILOWHU DQG WKH EXWWHUIO\ YDOYH )XUWKHUPRUH WKH
VXFWLRQVSHHGRIWKHLPSOHPHQWHGIDQFDQEHGLUHFWO\PRGLILHG
E\SXOVHZLGWKPRGXODWLRQ$PDQXDOLQWHUDFWLRQSRVVLELOLW\LV
LPSOHPHQWHG WKURXJK D WXUQLQJ NQRE 2Q WKH RWKHU KDQG D
OLQNXSWRWKHSUHVVXUHVHQVRUVLQVLGHWKHVXFWLRQGXFWFDQEH
PDGH DQG D FXVWRP FORVHG ORRS FRQWURO DOJRULWKP IRU WKH
VXFWLRQVSHHGRIWKHH[KDXVWDLUV\VWHPFDQEHLPSOHPHQWHG
5. Conclusion and Outlook 
$JHQHULF DSSURDFK IRU GHVLJQLQJPRGHO VFDOH SURGXFWLRQ
SURFHVVHV IRU WKH FRPSHWHQFH GHYHORSPHQW LQPDQXIDFWXULQJ
UHODWHG HQHUJ\ HIILFLHQF\ ZDV GHYHORSHG &RUUHVSRQGLQJ
LQGXVWULDO VFDOH SURFHVVHV DQG WKHLU UHVSHFWLYH ORDG SURILOH
VHUYHG DV D EDVLV 7KH HQHUJ\ GHPDQGLQJ SHULSKHUDO DQG
SURFHVV FRPSRQHQWV KDYH EHHQ LGHQWLILHG DQG HYDOXDWHG
UHJDUGLQJ DQ DGHTXDWH WUDQVLWLRQ LQWR WKH PRGHO VFDOH
(IILFLHQF\ PHDVXUHV IRU OHDUQLQJ DQG H[SHULHQFLQJ HQHUJ\
HIILFLHQF\ KDYH EHHQ WDNHQ LQWR DFFRXQW DQG FRPELQHG ZLWK
IXUWKHU UHVWULFWLRQV E\ WKH VXUURXQGLQJ LQIUDVWUXFWXUH DQG
SURFHVV FKDLQ WR FUHDWH WKH GHVLJQ RI DPRGHO VFDOH SURFHVV
7KH RXWOLQHG DSSURDFK ZDV YDOLGDWHG E\ WKH FUHDWLRQ RI D
PRGHO VFDOH &1& PLOOLQJ PDFKLQH 7KH PDFKLQH ZDV WKHQ
ILWWHG LQWR D OHDUQLQJ HQYLURQPHQW IRU HQHUJ\ HIILFLHQF\ DQG
HYDOXDWHGLQUHVSHFWWRWKHPHFKDQLFDOTXDOLW\RIWKHSURFHVV
WKH WUDQVIRUPDWLRQ WRPRGHO VFDOHDQG WKH LPSOHPHQWDWLRQRI
HIILFLHQF\PHDVXUHV
+DYLQJ VHWXS D SURPLVLQJ WHFKQRORJLFDO LQIUDVWUXFWXUH IRU
HQHUJ\HIILFLHQF\ WKHQH[W VWHS LV WR IRFXVRQFRUUHVSRQGLQJ








7KHUPDO DQG KDQGOLQJ SURFHVVHV DQG WKH LQWHJUDWLRQ LQWR
SURFHVV FKDLQV ZLOO EH WKH QH[W VDPSOHV WR IRFXV RQ
)XUWKHUPRUH WKHDGDSWLRQRI WKHSUHVHQWHGDSSURDFK WRZDUGV
UHVRXUFHHIILFLHQF\ LVGHVLUDEOH2QHSURPLVLQJVWDUWLQJSRLQW
FRXOG OLH LQ WKH PRGHO VFDOH GHVLJQ RI FORVHG ORRSV IRU WKH
FXUUHQWO\SURFHVVHG3/$DQG$%6ZRUNSLHFHV
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